Abstract Hill plot is a well-known criterion of the f -electron element interatomic threshold-distance separating the nonmagnetic state from the magnetic one in actinides or lanthanides. We have reinvestigated the Hill plot of Ce compounds using a commercial crystallographic database CRYSTMET, focusing on a relationship between the Ce-Ce distance and the magnetic ordering temperature, because a Ce compound with no other magnetic elements scarcely has a magnetic ordering temperature higher than 20 K. The Hill plot of approximately 730 compounds has revealed that a Ce compound, especially for ferromagnet, showing the high magnetic-ordering-temperature would require a short Ce-Ce distance with a suppression of valence instability of Ce ion. Through the study, we had interest in Ce 2 AuP 3 with the Curie temperature of 31 K. The ferromagnetic nature has been examined by a doping effect, which suggests a possible increase of magnetic anisotropy energy.
Introduction
Hill plot is the widely accepted criterion, proposing the prediction of magnetism and superconductivity in actinides and lanthanides. [1, 2] Koelling reported the Hill plot of approximately 35 Ce-compounds, in the form of superconducting or magnetic ordering temperatures vs Ce interatomic distances, to explain the existence of a threshold distance separating nonmagnetic ground states from magnetic ones [3] .
The Hill plot stimulates us from crystallographic aspects of Ce compounds showing magnetic orderings, because a Ce compound with no other magnetic elements scarcely has a high magnetic-ordering-temperature. CeRh 3 B 2 is a well-known ferromagnet with very high Curie-temperature T C of 115 K [4] . Since the discovery of CeRh 3 B 2 , there have been intensive researches on Ce compound with a high magnetic-ordering-temperature.
It would be important to shed light on a guideline of material design for such a Ce-compound. Because the Ce-compounds investigated by Koelling are restricted to pure metal and binary compounds, we have reinvestigated Hill plot, surveying also ternary compounds. Employing CRYSTMET: a commercial database of the structural and powder patterns of metals and intermetallics, a correlation between Through the crystallographic consideration of many Ce-compounds, we focused on Ce 2 AuP 3 with T C of 31 K [5] . Although Ce 2 AuP 3 is metallic, the La counterpart shows a semiconducting behavior [5] . This suggests that the density of states near the Fermi level of Ce 2 AuP 3 may be sensitive to a doping. The magnetic anisotropy energy of a ferromagnet can be tuned by a doping effect [6, 7, 8] , mainly due to the variation of density of states near the Fermi level. Then we expect an easy tuning of magnetic anisotropy energy with doping in Ce 2 AuP 3 . Furthermore, the doping may shift T C with varying Ce-Ce distance.
In the literature [5] , Ce 2 AuP 3 was prepared by a direct reaction of constituent elements in an evacuated quartz tube. Because a direct reaction in this study resulted in a broken quartz tube or production of CeP for some unknown reason, we have tried another preparation method. There are many studies, reporting the crystal growth of phosphides by employing flux methods [9, 10, 11, 12] . We have also 
Materials and Methods
We employed CRYSTMET (Toth Information Systems, ver. 5.7.0) to collect the crystallographic data of 724 Ce-compounds. The surveyed compounds with the ID codes in CRYSTMET are summarized in Table S1 of the Supplementary Information. The magnetic ordering temperature and the ordered type are also shown in Table S1 .
Filings of Ce (99.9%), Au powder (99.9%) and P powder (99.999%) with the stoichiometric composition were homogeneously mixed together in a glove box filled with argon gas. The mixed powder (∼0.5 g) was added to NaCl/KCl powder (the molar ratio 1:1, ∼2 g). The mixture was placed in a carbon crucible in an evacuated quartz tube, which was heated to 950
• C with the rate 50
• C/h, held at that temperature for 48h, and then furnace cooled. The product was washed by water to remove the NaCl/KCl flux, and obtained in a powder form. were used. The samples were evaluated using a powder X-ray diffractometer (Shimadzu, XRD-7000L) with Cu-Kα radiation.
The temperature dependence of dc magnetic susceptibility χ dc (T) between 5 K and 50 K and the magnetization curve were checked by a Quantum Design MPMS. The temperature dependence of ac magnetic susceptibility χ ac (T) in an alternating field of 5 Oe at 100 Hz, between 0.48 K and 35 K, was also measured using the MPMS equipped with iHelium3 [13, 14] .Another measurement of χ ac (T)
in an alternating filed of 8 Oe at 800 Hz, between 4 K and 300 K, was carried out using a closed-cycle He gas cryostat.
3 Results and discussion with T C of 31 K [5] . As mentioned in the introduction, a possible doping-sensitive density of states in Ce 2 AuP 3 might offer an easy tuning of magnetic anisotropy energy. Another interesting point is that the crystal system symmetry of Ce 2 AuP 3 is the lowest among the compounds with magnetic ordering temperatures higher than 30 K. The magnetic anisotropy energy is generally related with the crystal symmetry. A lower crystal symmetry tends to lead to more tunable lattice parameters upon doping, which also motivated us to examine a doping effect on Ce 2 AuP 3 .
In addition, a possible shift of T C might be expected, if the Ce-Ce distance can be largely altered. Before starting the study, we have tried a synthetic route of parent compound different from that described in the literature [5] and have found that the NaCl/KCl flux method leads to the reproducible production of sample. 3 (B) ), which is almost identical to are shown in Fig. 4(b) . In the Si doping, the appearance of another impurity phases is signaled by arrows in Fig. 4(b) . For the S-doped sample, impurity phases, partially assigned as CeP, denoted by arrows dominate over the parent one. Ce 2 Au 0.9 Pt 0.1 P 3 shows many impurity peaks. The lattice parameters of prepared samples were refined by the Rietveld refinement program RIETAN FP [26] , adding a recently proposed criterion for obtaining accurate lattice parameters [27] , as listed in Table 2 . The lattice parameters would be slightly increased by the Si reorientation as in the case of DyAl 2 [28] . As shown in Fig. 6 , the magnetization M of Ce 2 AuP 3 at 35 K shows a paramagnetic behavior up to 10 kOe. Below T C , M shows a hysteresis loop, growing in size with decreasing temperature.
χ ac (T) of doped samples are summarized in Figure 7 with that of the parent compound, demonstrating no shift of T C . The small peak at approximately 13 K observed in Ce 2 Au 0.9 Pt 0.1 P 3 reflects the presence of Ce 2 AuP 2 O phase as evidenced in Fig. 4(b) . χ ac (T) of Ce 2 AuP 2.7 S 0.3 is almost identical to that of the parent compound. On the other hand, in Ce 2 AuP 2.7 Si 0.3 or Ce 2 Au 0.9 Pt 0.1 P 3 , the shoulder-like anomaly associated with the spin reorientation is depressed and the peak at T C becomes sharper compared to that of the parent compound. χ ac is correlated with the reversible initial magnetization process. The disappearance of spin reorientation phenomenon and the sharper χ ac -peak at T C support the increased difficulty of reversible process, which means an increased magnetic anisotropy en- ergy. Considering that the Si-(Pt-) and S-dopings correspond to the hole and electron dopings, respectively, only the hole doping would affect the magnetic anisotropy energy.
Summary
We have reinvestigated the Hill plot focusing on the correlation between the magnetic ordering temperature and the Ce-Ce distance. shows the depression of the spin reorientation, and the sharper peak at T C compared to that of the parent compound. These results imply the possible increased magnetic anisotropy energy by the hole doping.
